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APPENDIX A 

Analysis of 30-Degree Angle Impact Test Data 

A.1 INTRODUCTION 

Because of the angular c.onfiguration of the test vehicles 
during a 30-degree angle frontal impact, the accelerometers 
mounted on the vehicles are not aligned in a common coordinate 
system. All displacement (crush) and force data must therefore 
be resolved either in the initial direction of the Test Device 
or of the target vehicle. The following sections describe the 
techniques used to resolve the force/displacement data in the 
direction of either vehicle. 

A.2 STATIC CRUSH OF TARGET VEHICLE 

A-2.1 Crush in Direction of Target Vehicle 

A pre-test profile of the target vehicle was obtained by 
measuring from a fixed referenced plane in front of the vehicle 
to pre-determined reference points on the front face of the ve- 
hicle. All measurements were made parallel to the target vehi- 
cle centerline. The post-test profile was determined by measur- 
ing from the same reference plane through the pre-test reference 
points to the front face of the vehicle. All measurements are, 
again, parallel to the target vehicle centerline. The static 
crush at each point is the axial difference between pre- and 
post-test measurements. 

The pre- and post-test profiles of the Side Impactor in 
Test 8321-4.04 (conducted during Phase I of the program) are 
shown in Figure A-1. These profiles were generated from the 
pre- and post-test measurements described above. 

The maximum static crush in the direction of the target ve- 
hicle was determined graphically. A straight line was drawn on 
the post-test profile from the centerline post-test position to 
the post-test position of the impact point (as shown in Figure 
A-l, Bumper Level). This line represents the crush plane of the 
vehicle. A line, parallel to the vehicle centerline, was drawn 
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FIGURE A-l. PRE- AND POST-TEST PROFILES AT HOOD, MID, AND BUMPER 
LEVELS OF SIDE IMPACTOR (TEST 8321-4.04). 
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from the pre-test impact point to the crush plane. The dimension 
corresponding to this line (B) is considered the maximum static 
crush along the edge of the target vehicle. 

The maximum static crush of the Side Impactor in Test 4.04 
was determined graphically as 27.6 inches. This corresponds to 
a post-test measured value of 28.1 inches. 

A.2.2 Crush in Direction of Test Device (LCME) 

The maximum post-test crush in the direction of the Test 
Device (LCMB) was also determined graphically. A 30-degree line 
from the inltlal impact point was drawn to the line representing 
the crush plane of the target vehicle (see Figure A-l). The 
dimension represented by this line (A) is considered as the maxi- 
mum static crush in the direction of the Test Device. The crush 
was thus determined to be 23.2 inches in Test 4.04. 

As might be expected, the impact point on the Side Impactor 
moved rearward along a line nearly parallel to the 30-degree 
line of the Test Device initial impact direction. The measured 
distance between the pre- and post-test positions of the impact 
point on the Side Impactor was 24.5 inches as compared to the 
23.2 inches of static crush determined graphically in the 
direction of the Test Device. 

A-2.3 Longitudinal Displacement of Impact Point 

Another measure of crush in the direction of the target ve- 
hicle can be defined as being equal to the displacement of the 
impact point parallel to the target vehicle longitudinal axis. 
This dimension was also determined graphically, as shown by 
line C in Figure A-l. 

A.3 I'WTUAL DISPLACEMENT (CRUSH) 

A-3.1 Displacement From Accelerometer Data 

A-3.1.1 Displacement In Direction of Test Device 

The configuration of the two test vehicles in a 30-degree 
left front impact is shown in Figure A-2. The relative geometry 
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of the longrtudlnal and lateral acceleratrons measured on the 
target vehrcle with respect to the test track (I.e., the dlrec- 
tion of the lnltlal velocity of the Test Device) 1s also shown 
in Figure A-2. This is the dlrectlon in which the target vehl- 
cle acceleration and crush was to be calculated. 

The component of the target vehicle resultant acceleration 
In the dlrectlon of the test track 1s shown as the vector AR' in 

Figure A-2. From this figure it can be seen that 

AR' = -A, cos 30" + Ay sin 30' (A. 1) 

The relationship in A.1 will be valid throughout the entire im- 
pact sequence If the vehicles do not rotate around their centers 
of gravity. Thus, at any time, the displacement of the target 
vehicle along the test track may be found by treating the dls- 

placements obtained from the accelerometer data according to 
Equation A.l. Subtracting the target vehicle displacement from 
the Test Device displacement will yield the mutual relative dls- 
placement (l.e., crush). Thus 

CrushTD = ‘XTD + SxTv COS 30’ - SyTV Sin 30” (A. 2) 

where Crush TD = crush in direction of Test Device 

S XTD = longltudlnal displacement of Test Device 

S XTV = longltudlnal displacement of target vehicle 

'yTV = lateral displacement of target vehicle 

The same relationship holds for a 30-degree right front 
corner impact except that the lateral acceleration of the target 
vehicle will be negative instead of posltlve. Thus, for a rrght 
front impact, the crush 1s given by 

CrUShTD = SxTD + sxTv COS 30" + syTV Sltl 30" 

A.3.1.2 Displacement In Direction of Target Vehicle 

(A.3) 

The maximum crush in the dlrectlon of the target vehicle IS 
obtained by dlvldlng the crush In the dlrectlon of the Test De- 
vice by cos 30'. Thus, for a left front impact, 
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CrUShTV = SxTD/cos 30" + SxTv - SyTV tan 300 (A-4) 

and for a right front impact, 

CrushTV = SxTD/cos 30" + SxTv + SyTv tan 30" (A-5) 

A-3.2 Displacement From Film Data 

A-3.2.1 Displacement Not Corrected for Rotation 

Displacement data was obtalned from two cameras, one on 
each side of the test track, and averaged to obtain the mutual 
relative displacement in the drrectlon of the Test Device. The 
average was dlvlded by cos 30" to obtain the maximum dlsplace- 
ment in the direction of the target vehicle. 

A-3.2.2 Displacement Corrected for Rotation 

The film data can be corrected for the rotation of the vehl- 
cles. However, the rotation 1s small during the impact event, 
as shown by the film analysis presented in Figure A-3. There- 
fore, rotation corrections are not usually necessary. For this 
analysis, however, rotation corrections were applied to deter- 
mine their effect on the data. Comparison of curves 1 and 2 in 

Figure A-4 shows that there 1s little difference in the data up 
to the point of maximum crush. 

A-3.3 Correction to Static Crush Level 

The mutual crush values were corrected to the measured post- 
test static crush level by the following method: 

1. Determine the time of vehicle separation from film 
analysis. 

2. Determine the correction factor by dividing the maxl- 
mum static crush by the dynamic crush at the time of 
separation. 

3. Multiply all dynamic crush values by this correction 
factor. 
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This method was applied to the dynamic mutual displacements 
In the Test Device direction and the target vehicle direction. 
The effects of the static crush corrections on the film data may 
be seen in curves 3 and 4 of Figure A-4. 

The effects of the static crush corrections, as well as 
rotation corrections, on the dynamic crush obtained from the ac- 
celerometer data are shown in Figure A-5. It can be seen from 
this figure that the rotation corrections have less effect on 
accelerometer data than do the static crush corrections. This 
might be expected since the accelerometer crush values are ob- 
tained from two accelerometers which are mutually perpendicular. 
As the vehicle rotates, the lessening acceleration vector of one 
accelerometer is partially compensated for by an increase in the 
acceleration vector of the other. Thus, the relationships de- 
rived in Section A.2.1 are reasonably valid and rotation correc- 
tions need not be applied to the accelerometer data. 

A.4 FORCE/DEFLECTION DATA 

Force/deflection data may also be determined in the direc- 
tion of either the Test Device or the target vehicle. The 
forces may be those registered by the Test Device load cells or 
the inertial forces calculated from the accelerometers on the 
Test Device or on the target vehicle. When determining forces 
in the direction of the target vehicle, the load cell readings 
must be multiplied by cos 30°. Figure A-6 presents these curves 
in the direction of the target vehicle for Test 4.04. 

The total force is the sum of all load cells on the Test 
Device. The lower region load is obtained by summing the loads 
in rows A and B, while the upper region load is obtained by sum- 
ming rows C and D. The loads thus obtained for Test 4.04, in 
the direction of the Side Impactor, are shown in Figure A-7. 

Force/deflection curves were obtained by cross-plotting the 
force and deflection data. The deflection data is that obtained 
from the accelerometers with the static crush correction ap- 
plied. These curves may be generated in the direction of the 
Test Device or in the direction of the target vehicle, as shown 
in Figure A-3. 
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APPENDIX B 
NHTSA METHOD FOR SIMULATING 

TWO-VEHICLES-MOVING COLLISIONS 

B.l INTRODUCTION 

This appendix presents an analysis of the method proposed 
by the NHTSA for simulating a two-vehicle collision In which 
both are moving by means of a crash test in which one vehicle 
(the target) is held stationary (see Reference, Section B.4). 
In this method the bullet vehicle is mounted on a set of auxil- 
iary wheels and towed into the target vehicle. The longitudinal 
axis of the bullet vehicle 1s held at an angle (a) to the direc- 
tion of the tow track. This is shown in Figure B-l. The purpose 
of this analysis was to supply a set of curves which could be 
used to choose the required orientation (a, $) of the bullet and 
target vehicles with respect to the tow track and the required 
tow velocity (V,). 

B.2 MATHEMATICAL ANALYSIS 

The fundamental requirements of this simulation method are 
that the principal directions of force with respect to the bul- 
let and target vehicles be unchanged, and that the magnitude of 
the relative velocity of the two vehicles remains the same as in 
the two-car-moving case. 

Figure B-2 shows the relevant geometry, using the nomencla- 
ture indicated in Figure B-l. Using the law of sines for the 
triangle OAB is is evident that 

Vl = V2 - - 
Sina Sin 0 

Since the angles are related by: 

I) =90+$ 

6 =vJ+ a 

(1) 

0 = 130 -6 

(1 = 90 - (a+ e) 
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a) Collision to be Simulated 

-VEHICLE 1 (AT 

ICLE 2 AT IMPACT 

TOW TRACK \ 

b) Corresponding Test Configuration 

REST) 

FIGURE B-l. EXPLANATION OF TECHNIQUE TO SIMULATE COLLISION. 
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= TARGET VEHICLE VELOCITY 

t, = BULLET VEHICLE VELOCITY 
> 

CR z REQUIRED TOWING VELOCITY 

TWO-VEHICLE 
MOVING COLLISION 

Y = ANGLE BETWEEN BULLET VELOCITY VECTOR AND 
TARGET VELOCITY VECTOR ('4' = 90 + $1 

Q = ANGLE BETWEEN BULLET VEHICLE AXIS AND THE 
PERPENDICULAR TO THE TARGET VEHICLE AXIS \ 

(FIXED) 
0 = REQUIRED ORIENTATION OF TARGET VEHICLE WITH 

RESPECT TO TOW TRACK 
a = REQUIRED ANGLE BETWEEN BULLET VEHICLE AXIS 

AND TOW TRACK 

6 =Y+a 

‘\ 

\ 

FIGURE B-2. VEHICLE/TOW TRACK GEOMETRY. 
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We obtain from (1): 

Vl = 
5 

cos (tJ + e) 
Sin 8 

Solving Eqn (2) for the angle 8 gives: 

cot 8 = v1 l 
1 

+ 

v2 
tan 6 

cos $ 

(2) 

(3) 

The angle CL 1s then determlned from the relation: 

cx = 90 - ($ + 0) (4) 

The required towing speed VR 1s determined by either the law of 
cosines: 

vi = vf -I- v$ - 2VlV2 cos qJ (5) 

or from the law of sines: 

vR = Cos$ - - (6) 
V2 Sin 0 

Since 8 1s a function of 4 and the velocity ratio Vl/V2, the 
ratio vR/v2 (or vR/vl If desired) can be plotted as a function 
of these two variables. 

It should be noted that in using the foregoing equations, 
the angle $ 1s to be counted negative when the angle li, 1s 
acute. This 1s the case when the bullet vehicle approaches the 
target vehicle from behind. $ = 0 corresponds to perpendicular 
Impact. 

B.3 PRESENTATION OF RESULTS 

Generalized curves showing the parameters required to set 

up the simulated test conflguratlon in which only one vehicle 
(bullet) 1s moving have been derived using Equations (3), (4), 
and (6). 
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Figure B-3 presents a set of curves giving the angle 8 (the 
required orientation angle of the stationary target vehicle with 
respect to the tow track) as a function of the collision angle 

4, with the velocity ratio Vl/V2 as a parameter. As is evident 

from the figure these curves are divided into two subsets by the 

Vl/V2 = 1 line. The line marked $ = 0 corresponds to a two- 
vehicle moving collision in which the longitudinal axes of 
target and bullet vehicles are at right angles. 

Figure B-4 presents a set of curves giving the angle c( (the 
required angle between the "crabbed" bullet vehicle longitudinal 
axis and the tow track) versus the impact angle 4, with the velo- 
city ratio Vl/V2 as a parameter. Again the set of curves is 
divided into two subsets by the Vl/V2 = 1 line. In this case, 
however, the values for Vl/V2 greater than 1 (target vehicle 
speed greater than bullet vehicle speed) are in the upper part 
of the figure, while in Figure B-3 these were in the lower part. 

Figure B-5 presents a set of curves for the velocity ratio 
VR/V-J I given as a function of the velocity ratio Vl/v2, with the 
collision angle as a parameter. The results are plotted in 
this format in order to avoid intersecting curves. This figure 
shows that for all values of the angle $ > 0, the ratio V,/V2 is 
> 1. - As noted above (I > 0 corresponds to-the case of the bullet - 
vehicle approaching the target from the front. 

An example of the use of the curves to determine the re- 
qulred test conditions is illustrated below: 

Vl (Target) = 15 mph 
V2 (Bullet) = 30 mph 
4 (Collision) = 30" 

Therefore 
VljV2 = 0.5 
8 = 41" (Figure B-3) 
cr = 19" (Figure B-4) 

and 

'R = 1.32 (Figure B-5) - 

V2 
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The pornts corresponding to the example are shown as @ on 
Figures B-3, B-4, and B-5. Therefore, the required towing 
velocity 1s vR = (1.32) (30) = 39.6 mph. 

B.4 REFERENCE 

NHTSA Statement of Work for RFP, "Occupant Survivability in 
Lateral Collision," as reported In Greene, J.E., "Occupant Sur- 
vlvablllty In Lateral ColllslonslR Calspan Report No. ZS-5562- 
V-2, October 1975. 
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7. INTRODUCTION 

Accident 5tudles, particularly the Natlonal Crash Severity Study 

[NCSS), h‘lve provided lnformatlon lndlcatlng the serlou5 nature of the current 

qidc lmpdct problem. For example, Reference 1 indicates that the side Impact 

accidents contained in the NCSS fllc constitute 26: of the vehicles, 27% of the 

occupdnt 5 ) 3300 of the scrlous (AIS > 4) InJuries, and 36% of the fatalities 

In rcsponbe to this problem, the National lllghwdy Traffic Safety 

Adnilnl>tration (MTSA) has placed a high prlorlty on reducing the 1nJurles 

resulting from side Impacts. A maJor effort to upgrade EbiVSS 214, "Side 

Impact Protection" 1s currently underway. As part of this overall effort, 

D)namlc Science, Inc., under Contract No. DOT-HS-8-01933, 1s developing for 

NlITS4 a side Impact test device (i.e., Impacting barrier) and demonstrating d 

compllahce test procedure. FiGA Research Corporation 1s supporting the 

Dynamic Science project under a subcontract arrangement. 

Our actlvltles Involve analyses which will provide background In- 

formation ~Jl1ch ma) be used bq NHTSA In the selection of a barrier weight 

and a test impact speed. The test condltlon 1s intended to be "reasonably" 

representative of real world car-to-car side impact accidents. In this sense, 

dccldent data must be somehow related to the llmlted conflguratlon of a single 

side impact crclsh test. The effort described 111 this report attempts to 

provide d rational means for selecting the moving barrier test weight based 

upon accident data and automobile fleet population. 

The process of selecting the test condltlon must take Into con- 

slderdtlon severdl factors. The more notable ones are. 

d) possible benefit 

b) realism to real world accident condltlons 

cl feaslbllltj and practlcallty (l.e., costs) 

1 
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It is understood that NHTSA will take these factors into conslderatlon Our 

effort was somewhat more llmlted In that conslderatlon was given on14 to 

items a. and b. That is, an analysis was conducted to estimate possible 

benefit as a function of test severity (both In terms of barrier weight and 

Impact speed) A secondary part of the analysis relate\ weight difference 

(between strlhlng and struck vehicles) to the frequent} of occurrence of the 

more severe inJuries The potential problem of deslgnlng motor vehicles to 

meet a given test condltlon has not been addressed. Hence, the results of this 

llmlted stud) do not provide a complete basis for setting desirable compliance 

test condltlons. 

Although the selectlon of a barrier weight mav appear to be strdlght- 

forward, It 1s complicated by a number of factors. First, the barrier weight 

must be reasonably “representative” of the weight range for automobiles opelatlng 

on the Natlon’s highways. Second, because ellmlnatlon of the more severe 

lnjurles 1s the goal of the standard upgradlng, the barrier kelght must dttcmpt 

to approximate condltlons associated with the more severe injuries. Third, 

It must be recognized that the automotive fleet weight dlstrlbutlon 1s undelgolng 

substantial changes as a result of a major effort to improve fuel economy 

Hence, a barrier weight believed to be a reasonable compromise for present 

highway condltlons, would likely be totally unreallstlc for the automotive 

fleet condltlons of the mid-1980’s. Each of these factors has been consldeled 

in the study. 

The estimate of benefits (InJury reduction) was based upon a 

methodology proposed by Burgett (Ref. 2). In this method, a change in veloc lty 

imposed on a population of vehicles 1s calculated based on the assumption o‘ 

a plastic Impact between d barrier of given weight (and speed) and a statlolary 

automoblle. An estlmatlon of the number of inJurIes occurring In the struclc car 

population 1s then made based on a relative cumulative frequency curve of the 

percent of the number of near-side occupant serious injuries as a function of 

lateral A\, developed from NCSS data. The calculations are repeated for a 



number of barrier weights and speeds. The results of these calculations 

are d series of curves relating the number (or percent) of InJuries sustained 

to barrier weight, parametric in barrrer velocity. The analysis considered 

a number of different automobrle fleet weight distributions. 

The approach to factor in weight (or more specifically, weight 

difference between striking and struck vehicles) makes use of informatron 

extracted from the FARS data base together with a frequency distrrbutlon 

of passenger cars by werght and is a modlfrcatlon of a technique suggested by 

Ragland (Ref. 4). In this approach, the passenger car weight distribution is 

employed to calculate the probability that a given weight difference between 

two cars rnvolved rn a collusion will exist. Thus probability is then divided 

into the frequency of fatalities for the corresponding weight difference 

extracted from FARS data. The result is fatality rate as a function of weight 

difference. This fatality rate is then assumed to remain relatively constant over 

time and is used to prolect the number of fatalities in the future from a 

projected distribution of passenger cars by weight. 

Computer programs were developed for each of these analytical 

technrques, permitting evaluation of the effect of several different variables. 

In both Instances, vehicle population believed to be representative of the 

latter 1970 automobile fleet and proJected 1985 conditions were analyzed. 

Based on the complete study, it is our recommendation that a barrier weight of 

about 3450 lbs. be selected as a reasonable compromrse for the multitude of 

rnfluencing conditions. Once the barrier weight 1s selected, it 1s then 

necessary to select a test impact speed. Results obtained in the study allow 

a direct determination of estimated benefits for a range of impact speeds. 

However, selection of a precise impact speed must take into consideration 

feasible and practrcal automobile side impact safety systems. 

In the next section, the methodology utilized in the study is presented. 

Thrs is followed by a presentation of the results generated for the various 

hypotheses and a general discussion of the results. 



2. METHODOLOGY 

As noted in the Introduction, the basic objectives of this study 

were to provide NHTSA with information that would aid in choosing a moving 

bdrrler weight for side impact compliance testing, to document a methodology for 

evaluating the benefits associated with a moving barrier side impact test 

procedure, and to evaluate the effects of the chosen test conditions with res)ect 

to an ever changing vehicle population. 

Accident study results indicate that inJuries to the occupants of 

vehicles involved in collisions are strongly associated with the change in 

velocity experienced by the vehicle. This fact suggests that the most straight- 

forward approach to producing a known level of benefit (i.e., reduction of 

InJuries) through setting performance criteria in a test procedure would be 

to require all vehicles tested to experience a given change in velocity 

associated with the desired level of inJury reduction. However, assuming a 

collision between the test vehicle and moving barrier can be considered to be a 

problem in plastic, central impact mechanics, the change in velocity experienced 

by the test vehicle is a function of two variables, the barrier weight and the 

closing speed. Hence, imposing a test procedure that would require all vehicles 

to undergo a fixed change in velocity would, in fact, require that one or both 

of these variables be changed as a function of the test vehicle weight The 

current feeling is that this requirement would lead to a test procedure of 

limited practicality. 

Consequently, it becomes necessary to chose a specific set of test 

conditions, i.e., barrier weight and speed, that can be considered to be 

representative of accident exposure experience. 

This study has attempted to accomplish this ObJective by means of 

a logical methodology making use of vehicle population and occupant injury data. 

Vehicle population data that were available included current (NCSS) and 

previous (1976) passenger car frequency distributions by weight and a projection 
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of 1985 new car sales by weight. Injury measure information available 

included a count of near side fatalities and severe injuries in car-to-car 

crashes as a function of striking car weight and weight difference between 

striking and struck cars, both from the, FARS data file and the NCSS data file. 

Also available was a cumulative distribution of serious (AIS 14) injuries to 
near side occupants of passenger cars struck in the compartment as a function 

of lateral change in velocity, developed from reconstructed NCSS accident cases. 

The general approach used in this study was to use FARS (and NCSS) 

cumulative injury data as a function of weight difference between striking and 

struck cars to provide a reasonable test barrier weight in relation to either 

the current or a projected vehicle population weight distribution. Then, given 

a level of benefit, the other test variable, closing velocity, can be determlned. 

The following three subsections describe the data used in this study 

and the procedures used to recommend a barrier weight and to evaluate the 

benefits expected to be achieved by a side impact test procedure. 

2.1 Data Available 

Frequency distributions of passenger cars by weight were required for 

the procedures that are described in the subsequent sections. Four such 
distributions were employed in this study. These were: 

0 Frequency distribution of passenger cars by weight 

as of July 1, 1976 (from Ref. 3) 

0 Frequency distribution of passenger car weight con- 

tained in the NCSS sample (Ref. 4) 

0 Projected distribution of 1985 new car sales by 

weight (Ref. 4) 

5 
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0 Projected dlstrlbutlon of 1985 tot&l car populdtlon 

b) belght 

The lnformatlon contained In Ref. 3 was developed from ci count of 

vehicles b} make, model, and model jear for each state. lehlcle curb luelght 

wa\ obtained from Ref. 5. Data were provided separatel, for domestlc and fcrelgn 

cdrs for the model years 1966 through 1976. Combining these data blelded a 

total vehicle count of approxlmatel> 96.6 mllllon cars, of khlch appro\lmatcly 

14.9% were either pre-1966 or otherwise unidentified. blnce thl\ count ha\ 

based on curb height, three hundred pounds here added for uye in the stud) 111 

order to approximate on the road, or Inertia, weight. I'he mean weight of tf e 

populdtlon (inertia weight) has approxlmatelj 3840 lbs. 

The vehicle count by weight for all passenger cars In the 'JCSS flit 

was provided by the National Center for Stdtlstlcs and Anal\sls At the tlrnc 

the lnformat ion has obtained, the weighted file contalncd 72,242 Curb. Ihc 

mean weight of this sample was approxlmatelq 3730 lbs., khlch al\o Included J. 

300 lb. increment to reflect an approximate on-the-road height 

The projection of vehicle sales by lnertla he-ght for 1985 ha5 

provided by hHTSA. The mean weight of this sample was dpproxlmatel\ 2950 lbs 

Also provided here sales by weight for the years 1970 through 1979. In order to 

proJect the total car population for 1985, estimates of \ales b\ height here 

made for the )edrL 1980 through 1984 b) linear lnterpolatlon betkeen ~aluc5 f-or 

1979 and 1985. This admittedly crude attempt at estlmatlng vehlclc \dles 

for these jears has necessary because NHTSA projections here not available at 

the time of this stud). An estimate of the percentage of Car5 remdlnlng In 

serklce, as a function of age was then obtained from Ref. 6 and applied 

to the nelv car sales data for 1970 through 1985 resulting ln a projected 

1985 vhelcle population. The mean height of this population hds approxlmdtclk 

3'40 lbs. i l'hls projection resulted in an estimated 104 1 mllllon pdsscnger 

Lar5 in service In 1985, an increase of about 8% over 1976. 
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A cumulative relative frequency distribution of passenger cars by 

weight for each of these vehicle populations is shown in Figure 1 and frequency 

drstributrons are compared in Table 1. 

Occupant injury data available included counts of the number of 

fatalltles by weight and weight difference between striking and struck cars 

from the NCSS data base and from the FARS data base for the years 1975 through 

1978. Cumulative near side fatalrty frequency (expressed as a percent of the 

total) from EARS for the years 1976 and 1978 as a function of weight difference 

are shown in Figure 2. Also indicated on the figure, is the cumulative frequency 

of severe inJuries (AIS 14) extracted from the NCSS file as a function of 

weight difference between the striking and struck vehicle. 

The two FARS drstributions agree very closely with a slight tendency 

for a greater frequency of fatality at large weight differences in the 1978 data. 

The median point of both distributions are close to a 500 lb. weight difference 

in favor of the striking car. It 1s interesting to note that the NCSS 

cumulative distribution of near side rnjuries with AIS 2 4 also agrees quite 

well with the two FARS curves considering the limited number of data points (25). 

As a result of this general agreement, it was decided that the FARS data would be 

used for selection of a barrier weight since many more data points comprise the 

cumulatrve distribution. 

It is also interesting to note that data supplied in Ref. 7 indicates 

that the median weight for the 1976 FARS striking car weight was 4080 lbs. 

(Including an increment of 300 lbs. to reflect the same assumption as was used 

to develop the 1976 weight distribution) and the median weight for the 1976 

population from Figure 1 is about 3960 lbs. Similarly the median NCSS striking 

cdr weight for all side impacts was 3950 (including an added 300 lbs.) while the 

median from the NCSS cumulative weight distribution curve of Figure 1 is about 

3800 Ibs. Hence, the median striking car weight for the more serious side 

collisions tends to be somewhat greater than the median of the vehicle population. 
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TABLE 1 

FREQUENCY DISTRIBUTIONS OF CAR POPULATIONS BY WEIGHT 

T- 
INERTIA WEIGHT INCREMENTS 

(LBS.) 

-. 1750 

1750 - 1999 

2000 - 2249 

2250 - 2499 

2500 - 2749 

2750 - 2999 

3000 - 3249 

3250 - 3499 

3500 - 3749 

3750 - 3999 

4000 - 4249 

4250 - 4499 

4500 - 4749 

4750 - 4999 

5000 - 5249 

5250 - 5499 

5500 - 5749 

5750 - 5999 

RELATIVE FREQUENCY (PERCENT) 

1976 NCSS 
POPULATION SAMPLE 

--- 0.1 

0.6 0.9 

4.4 3.8 

3.7 4.8 

4.8 5.0 

3.9 5.6 

6.4 6.2 

7.8 9.9 

10.3 ii.8 

9.5 12.6 

14.2 11.1 

10.2 11.0 

11.9 a.5 

5.4 3.9 

4.1 2.4 

2.0 1.7 

0.8 0.7 
--- --- 

1985 NEW 1985 TOTAL 
CAR SALES POPULATION 
PROJECTION PROJECTION 

--- 

0.8 

9.4 

la.9 

5.8 

10.5 

24.1 

17.5 

9.6 

1.7 

1.7 

--- 

--- 

--- 

1.6 

7.2 

12.7 

4.5 

10.5 

15.1 

15.1 

a.9 

a.9 

5.6 

5.6 

1.6 

1.6 

0.6 

0.5 
--- 

--- 

- 
1 
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lrgure 3 shows the cumulative relative distribution of serious 

(AIS 2 4) injuries Incurred to near srde occupants of automobiles struck in the 

passenger compartment as a function of lateral change in velocity. This 

information has provided by NHTSA (Ref. ?) as determined from the most recent 

IvCSS file update I\rote that the lateral change in velocity is determined by 

CRASH reconstructions of the sUbJ eCt accidents. 

2.2 Procedure Used to Recommend Barrier Weight 

As indicated in the previous sectlon, a cumulative distribution of 

fatalltres (or serious injuries) by weight difference is believed to provide a 

reasonable means of selecting a weight difference for application to a test 

procedure. Two difficulties exist, however. First, this distribution exists 

only through the year 1978 for the FARS data base. Thus, a projection of a 

cumulative fatality distribution to the 1985 vehicle population 1s necessary. 

And second, while this fatality distribution provides a means of establishing a 

reasonable weight drfference that IS characteristic of the more severe side 

impacts, it in and of itself, does not directly indicate a barrier weight to 

be used. Each of these points is drscussed below. 

In order to project a cumulative fatality distribution to the future, 

a procedure employing information extracted from the FARS data base and a 

distrlbutlon of passenger car weights was used. In this procedure, the passenger 

car weight distribution 1s used to calculate the probability that a given weight 

difference between two cars involved in a collision will exist. This probability 

1s then divided into the frequency of fatalities for the corresponding weight 

difference extracted from FARS data. The result is fatality rate as a function of 

weight difference. Thus fatality rate is then assumed to remain constant over time 

and 1s used to project the number of fatalities in the future from a projected 

height distribution. 
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Data required for this procedure are: 

0 dlstrlbutlon of passenger car population by weight 

for a given time period 

0 frequency of near side fatalities as a function of the 

weight difference between striking and struck vehicles, 

for the same time period as the above distribution 

0 proJected dlstrlbutlon of passenger car population by 

weight at some future period of time. 

Tabulations of the number of near side fatalities as a function of 

weight difference (striking minus struck) obtained from FARS data (Ref. 7) 

are given rn Table 2. The distributions of passenger car population by weight 

used were drscussed In Section 2.1. 

The computational steps for this procedure are as follows: 

1. Divide the vehicle population weight distribution into 

n discrete weight cells of constant cell width. The 

total number of vehicles in the population is then 

normalized to 1.0. Compute the probability that, taking 

two vehicles at a time, all possible weight differences 

will occur, i.e., P. 
l,j 

= P P.. 
1J 

Note that i and j are 

both varied over the n cells in the weight distribution. 

Then, the probability that a given weight difference will 

occur and that weight differences are computed: 

where k = 1 - j 

13 
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TABLE 2 

FREQUENCY DISTRIBUTIONS OF FARS FATALITIES* 

BY WEIGHT DIFFERENCE 

Weight Difference 
Striking Minus Struck) 

LBS. 

-3200 to -2800 

-2700 to -2300 

-2200 to -1800 

-1700 to -1300 

-1200 to - 800 

- 700 to - 300 

- 200 to 200 

300 to 700 

800 to 1200 

1300 to 1700 

1800 to 2200 

2300 to 2700 

2800 to 3200 

3300 to 3700 

NUMBER OF FATALITIES 

1975 1976 1977 1978 

0 0 0 3 

3 2 2 3 

0 4 8 16 

13 7 12 21 

24 28 40 51 

22 44 78 77 

44 65 99 129 

43 67 100 123 

57 66 107 119 

20 38 54 99 

18 39 46 49 

11 15 19 25 

3 9 5 9 

0 0 0 2 

* 
Taken from Reference 7 



2. 

The result of thus step is a probability, Pk, that a 

weight difference, W h’ ~111 occur when vehicles in the 

popuiatlon are tahen two at a trme. 

Drvlde the frequency drstrlbutlon of fatalities as a 

functron of height difference into weight drfference 

cell widths equal to that used in Step 1. Obtain a 

rate of fatalrty as a function of weight difference 

by dlvrdlng the number of fatalities occurring within a 

given cell by the probability that the correspondrng weight 

difference will occur within the dlstrlbutlon of vehicle 

weights. 

3. Step 1 1s then repeated for a projected weight dlstrlbutlon 

and the resultrng weight difference probabllltlcs are 

multlplled by the corresondrng fatality rates obtained in 

Step 2. The result is a proJected frequency of fatality 

dlstrlbutlon by weight difference for the future vehicle 

population. 

As developed from the above described procedure, the probablllty of a 

given height difference exlstrng for the 1976 vehrcle population and the NCSS 

sample described rn Section 2.1 are shown in Frgure 4. Note that the NCSS 

sample 1s assumed to be representative of the 1978 vehicle population. 

Fatality rates derived from using the 1976 FARS fatality frequency 

dlstrlbutlon by weight difference together with the 1976 passenger car weight 

dlstrlbutlon, and from the 1977 and 1978 FARS fatality frequencies both with 

the total NCSS weight dlstrlbutlon are shown in Figure 5. Very good agreement 

exists in the rates derived from these three data sets, particularly in the 

region where fatality frequencres were relatrvely hrgh. The fatality rate 

actually used to project fatality frequency to J future vehicle population was 

15 
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obtalned b) fitting a least squares, second order curve to the three years of 

data points shown in Ilgure 5. This fit, superimposed on the derived fatality 

rate data points are shokn In Elgure 6. 

Using this curve fit fatalltj rate, d “predlctlon” of the cumulative 

fatality frequency can be made using the 1976 and NCSS passenger car belght 

dlstrlbutlons for comparison with the observed results from FARS data. These 

comparisons are shown in Figures 7 and 8 lllustratlng a generdllq good 

predictive catablllt). Given the dshumptlon that the fatalIt) rate remains 

constant over time in d changing vehicle population, It IS then possible to 

predict the fatalit) frequency dlstrlbutlon b) weight difference between 

striking and struck car5 If a future vehicle population height dlstrlbutlon 1s 

known. 

As noted above, this procedure help\ to probide a height difference 

between strlklng and struck cars based on a chosen fatallt) percentile 

From Figure 2, it 1s seen that 50 percent of the near side fatalltles within 

the current population occur with a weight difference of 500 lbs. or less. 

Also, since the rather llmlted number of data points in the hCSS cumulative 

severe injury dlstrlbutlon b>, weight difference follow quite closely the EARS 

data, It 1s reasonable to assume that approximately 50 percent of the severe 

near side injuries will also occur at a height difference of about 500 lbs. 0’ 

less. Thus, a 500 lb. height difference 15 believed to be a reasonable 

condltlon that 1~ representative of more severe side colllslons klthln the 

current vehlc le populat ion. It then remains to chose a speclflc moving barrlrlr 

test weight that hould provide a reasonable approxlmatlon of this height 

difference over the entire struch behlcle population. This can be accompllshfhd 

by adding the chosen weight difference to the mode of the vehicle population 

weight dlstrlbutlon on the basis that this hill result in the highest 

probablllt) of this weight difference occurring. 
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2.3 Procedure for Estimating Benefit 

Ihe previous 5tctlon 1135 dc5crlhccl ‘1 mean5 of detcrmlnlng d 

barrlLr belght bhlch ml&t he e\pcLted to ~IOLI~C a given lc~cl of reduction 

In 5erlous lnJuric5 or rdtaljt1cs The proLcdure dcscrlhed In this section 

dttcmpts to qbdntlfj tu cl gredtel dtgrec, the lf>VCl of- bLnL.flt dS\oLldted iV1th 

the Lhoscn bdrrltr kelght .ind d clo\ing ~elo~lt\ or, dlttlndtclj , reiommcnds (1 

barrlcr test bcloc It> \\hl Lh, 111 con~u~ntlon 151th tht bdrrler r,clght hill rt5u t 

Ln cl gi\cn le~tl of bCnLf]t 

0 pssengcx Ldr frequcnL\ d I .tr 1 button as a funct Ion 

of bve1ght 

The computdt ion,11 step\ drc out 1 Intd below 

1 Ihe frcquenc~ dL5trlhutlon of \ehl~lc kclght\ 15 

dlvldccl Into n discrete height dells of Lonstant 

Lf.211 LQ1Cltl1. Ihc tot,11 nixnl,e~ of vehicles ln the 
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population 1s normalized to 1.0, thus the fraction 

of vehicles in each cell represents the probablllty 

of single vehicle being wlthln that cell. The 

probability for each cell 1s asslgned the symbol P m’ 
where the subscript m refers to the mth cell In the 

weight dlstrlbutlon. The corresponding value of 

weight, Wm, 1s taken as the mldpolnt value of weight 

cell m. 

2. Choose a moving barrier speed, V . 1 

3. For a moving barrier weight W B, (where WBj = Wm for 

m = J>, calculate a change In velocity (AV) for the 

entire dlstrlbutlon of struck car weights, W Sk = wm 

for m = k). That 1s 

w v 
AV BJ 1 

b,l = (WB, + WSk) 
for k = 1 to n 

4. For each computed AVk 1 determine the fraction of 

serious 1nJurles (AIS’, 4) that would occur from the 

NCSS developed cumulatlvc dlstrlbutlon of InJury 

versus lateral AV. Assign this InJury value to the 

symbol Ik 1. Sum the InJury values weighted by the 

probabllliy that the struck car 1s of weight Wsk, I.e., 

n 
B 

J,l =ktl ‘k, ,‘k. 

B 
191 

thus represents the fraction of serious InJuries 

incurred by near side occupants in the entlre 

population of struck cars when Impacted by a vehicle 

of weight W 
BJ 

traveling at speed Vl. 



5 Repeat Steps 3 and 4 for all barrier heights IV 
BJ 

considered In the analqsls 

6. Repeat Steps 3, 4 and 5 for all barrlcr velocltles, L 1’ 
considered In the analysis. 

The appllcatlon of this procedure results in a set of curve5 reldtl?g 

an expected benefit (or reduction in lnlurles) to barrlcr weight parametric In 

closing velocit) . The benefit results from the assumption that vehicles hull1 

satisfy a no severe lnJury requirement (1. e. , AIS 1 4) hhen Impact tested In a 

speclfled manner. Given a barrier weight, as determined from the procedure 

described in the previous section, the resulting curves cdn then be used to 

choose a test veloclt) once a desired level of benefit IS establlshed, or d 

level of benefit can be expressed as a function of test velocity 

This information can then be used together with cost lnformatlon In 

order to maximize a cost/benefit relationship to choose the test speed dnd 

level of benefit expected. 



3. DISCUSSION OF RESULTS 

In order to grve some perspectrve to a total analysis of barrier 

werght and benefits for the 1985 time period, the procedure IS frrst carried 

out for the current vehicle population. The vehicle weight dlstrrbutlon for 

the current population 1s assumed to be represented by the NCSS vehicle sample. 

Usrng this drstrlbutlon, the probablllty of weight differences occurring, taking 

two vehicles at a time wds calculated and 1s shown rn Figure 9. Applying the 

fatality rate information developed In Section 2.2 to this dlstrrbutlon results 

111 the cumulative fatality dlstrlbutlon shown in Figure 10. On this figure, 

the 50th percentile fatality level occurs at a weight difference of about 

400 lbs. Applying the weight difference to the mode of the frequency dlstrlbutlon 

by weight yields a suggested barrier weight of 4275 lbs. From a cumulative 

weight drstrlbutlon for this populatlcn, It IS noted that some 73% of the cars 

are of weight less than or equal to 4275 lbs. 

Appllcatlon of the procedure described rn Sectron 2.3 to this vehicle 

population J lelds the benefit curves shown in Figure 11. From this figure, it 

can be seen that blth a barrier weight of 4275 lbs., 50% of the serrous near 

side InJurIes could have been eliminated if all cars In the population had been 

required to compl) with an AIS c 4 speclflcatlon when tested at a closing speed - 
of approximatel) 32 MPH*. 

ProJectlng current side impact experience in comblnatlon with 

estimates of the vehicle population to the 1985 time period results in a 

cumulative fatality dlstrlbutlon as shown in Figure 12. From this f lgure, it 

1s seen that 50 percent of all fatalities are expected to occur with a weight 

difference between striking and struck cars of about 300 lbs. or less. 

Applying this weight difference, which 1s representative cf the more serious 

side collrsrons expected for this population, to the mode of the 1985 vehicle 

sales frequency by weight yields a suggested barrier weight of approximately 

3425 lbs. 

Actually tarrier speed as analysis assumes barrier impact with a 
stationary vehicle. 
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Note that we believe rt appropriate to apply this 300 lb. weight 

difference to the 1985 car sales population rather than the total population 

at that time srnce only the new production would be required to comply with the 

upgraded side protection standard. A movrng barrier weight of between 3400 

and 3500 lbs. will then reflect a condition that is characteristic of the more 

severe side collisions for the 1985 new car population. From Figure 1 it is 

seen that this weight will be greater than about 82% of the projected new car 

sales weight. 

From Figure 13, It can be seen that a 50% benefit can be achieved 

for the new car population when tested at about 32 MPH with a barrier weight of 

3450 lbs. The actual choice of the test speed, however, must be made considering 

the practicality of producing safety systems for the vehicles that would reduce 

injuries to less than the AIS = 4 level for the test conditions. 

Applying this methodology to a projected mid 1980's vehicle 

population should result in test conditions for a side structure complrance 

test that wrll slgnifrcantlq increase occupant protection in those vehicles 

for which compliance 1s required. As discussed previously, a reasonable 

level of benefit cannot be chosen solely by this procedure; trade-offs of 

benefit against practicality (costs) are required. However, we believe that a 

barrier weight which is representative of the projected population can and 

has been determined. A second test parameter, impact velocity, can then be chosen 

to reflect the degree of benefit that 1s ultimately decided upon. 

This study should not be considered to be a final statement of the 

test conditions for the proposed side structural performance requirement upgrade. 

Rather, it should be viewed as a development of a methodology which should be 

continually upgraded both with respect to the assumptions employed in the 

analysis and with respect to the data employed. In particular, injury data is 

being continually collected and the proJected vehicle mix in the 1985 time 

period 1s undergoing continual refinement. As more, and presumably better, 
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data become avarlable, their Influence on the conclusrons of thus study should 

be determrned. Furthermore, efforts should be undertaken to extend thus 

analysrs to consrder other test condrtlon vdrlables, such as impact orientatron. 

IVe also believe that rt would be desirable to examine a limited 

number of NCSS accident cases that are representative of the recommended test 

condltlons In order to develop a better understanding of the structural 

performance of the current car populdtron under those condltlons. Thrs would 

lead to a better understanding of the degree of structural modifications that 

~111 be necessaq to rnsure complrance on future vehicles. 
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SUMMARY OF AN ANALYTICAL STUDY OF OCCUPANT INJURY 

IN OBLIQUE SIDE COLLISIONS 

Dynam I c SC I ence, I nc., IS currently Involved in the development of a 

side 1 mpact dev Ice and compi 1 ante test procedure under Contract No. DOT-HS-8- 

01933 for the National Highway Traffic Safety AdmInIstratIon. The proposed 

side Impact device WI I I Include a deformable front face which would simulate 

the front end of the striking vehicle more real lstically than the rigid side 

impact device currently used in side impact testing. In order to develop 

force-deflection characterlstlcs of thts deformable face, an analysis of 

available crash test results was conducted. 

Frontal force-crush character lstics were approximated using data 

obtained from crash tests conducted at Dynam Ic Scl ence., Inc. and Calspan 

Corporation. Structural characteristics for both full frontal engagement and 

loading along a directIon 30 degrees to the longltudlnal axis were obtained 

and characterized by an initial structural stiffness and an effective yield 

strength. The Initial stiffness and yield level were chosen to equilibrate the 

area under the actual curve to the area under the si mple fit, up to a pal nt 

represent I ng 80 to 90% of the maxi mum def I ectlon. 

Results for all the vehrcles lnvolvtng full frontal engagement here 

averaged to obtain a structural stiffness of 5.3 krps/ln and a yield force 

level of 78 klps. S 1 m 1 I ar I y, results for all the vehtcles involving 30’ 

frontal collusions were averaged to obtain a structural stiffness of 2.8 

klps/ln and a yield force level of 27 klps. 

Based on a comparison of the average obtained In the two different 

test conf i gurat ions, it appears that the effective stiffness of a vehic~e’s 

front structure IS reduced by about 45% as the impact dl rection changes from 0 

to 30”. The effecttve yield force level IS reduced by about 55% for the zame 

change In impact direction. 



The effects of striking car frontal-crush characteristics on 

occupant injury exposure were also investigated in this effort, through the 

use of a one-di mensional I umped-mass, dynamics computer simulation (referred 

to as SMDYN). Throughout the simulation study, the striking car weight was 

fixed at 3450 I bs, and the speed and orientation simulated represented a 35 

mph, 60 degree ob I ique side impact. The primary parameters investigated were 

the weight of the struck car, over a range of 2000-4000 I bs in 500 I b 

increments, and, the front structural characteristics of the striking car. 

The baseline level of front structural stiffness approximated the average 

frontal stiffness of the four cars for which force-crush data was available 

along a direction 30 degrees to the longitudinal axis. Stiffness levels 

including 508, 150$, and 200% of the baseline stiffness level were 

investigated. Side structural characteristics of the simulated struck cars 

were then developed from measurements of a modified VW Rabbit side structure. 

These character ist its were assumed to be the same for al I struck vehicles 

studied. 

Several direct and indirect indicators of injury severity were 

studied in the simulated collisions including, occupant change i n velocity, 

Chest Severity Index (CSI), relative velocity between the occupant and door at 

contact, maximum door velocity relative to the struck vehicle, door intrusion, 

and maximum interior door padding crush. 

The analytical study results indicated that a moving barrier frontal 

stiffness can be chosen that is both representative of the vehicle population 

and capab I e of providing severe occupant exposure in side impacts. A frontal 

stiffness of about 3000 Ibs/inch as measured along a direction 30 degrees from 

the longitudinal axis of the test sevice is recommended for a 60’ obl ique side 

col I ison. However, it is also recommended that additional studies be 

conducted to clarify and confirm these results. 

vii 
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1. INTRODUCTION 

4cc 1clent 5tud~ts, pdltlculdrl\ the Uatlonal Crash Severit, Stud\ 

(NCST), hale pto\~ded lnform‘ltlon lndlcatlng the serious nature of the current 

5ide imp Ict problem ror cxLimple, Reference 1 lndlcntey that the sldc Impdlct 

,l~clJents contllncd 111 the \CSS fllc con\tltutes 20~ of the \chlcle\, 27: of the 

oi Lupdnt 5 ) 77', of the \erlous (\IS ' 4) inlurles, dnd 50% of the fJtdlltles - 

In rcipon<c to thl\ problem, the N‘itlonal Hlghwav IrafflL Safeth 

WmInlitratlon (YflTSA) h‘ls pl,lced a hlqh prlorltv on reducing the lnlurles 

resulting from side impacts 4 malor effort to upgrade FIWSS 214, "Side 

Impact Protection" 15 currentl\ underwa\r. As part of t\ls overall effort, 

Dlnarnlc Sclencc, Inc., under Contract No. DOT-HS-8-01933, is developing for 

NHISA d side impact test device (l.c., impacting barrier) and demonstrating a 

compliance test procedure. MGA Research Corporation 1s supportlng the 

Dvnamlc Science proJect under a subcontract arrangement. 

The proposed side impact test device that 1s under development will 

lncludc d deformable front face dnd thus 15 expected to be a more rcallrtlc 

slmuldtlon of dLtua1 side colllslons thdn hould be possible b\ using a rlgld 

mo\lnq bdrrlcr. Our acti>ltles, deTcrlbed in this report, have ln\rolved 

developing lnformdtlon which mav be used bv hHEA to select frontal stlffnejs 

Lharacteristlcs of the side Impact test device. The test procedure that will 

be dcleloped b\ Dknamlc Science IS Intended to be reasonable representative 

of the more sclere dLtua1 car-to-car colllslons, and thus, knowledge of both 

frontal force-crush charactcrlstlcs of exlstlng vehicles and the influence 

of these Lharacterlstlcs on occupant InJurJ levels was necessark. The \peclflc 

aLtl\ttles called out In the Statement of \\iork for hhlch MGA provided support 

here 

II 
. . . the Contractor shall detcrmlne approxlmatlons of frontal 

force-crush chardcterlstlcs b\ behlcle height categor\, using 
the results of Phase II - Tash 3 and other sources. 



Analytically estimate, rf possible, the sensitivity of occupant 
lnJur\ levels to crush characteristics within the range 
determined above when the following parameters are held con- 
stant; height, speed, and orientation of the striking vehicle. 
Assume the struch vehicle has modified side structure and 
reasonable padding. Perform the analysis for five (5) 
hypothetical weights for struch vehicles. If possible, 
determine the optimum (in terms of injury reduction in a 1985 
ml\ of new vehicles) force-crush characterlstlcs for a side 
Impact barrier." 

Crash tests conducted at Dbnamlc Science, Inc. and Calspan Corporation 

probIded data from which approximations to frontal force-crush characteristics 

\yere obtained Structural characteristics for both full frontal engagement 

and loading along a direction 30 degrees to the longitudinal axis were obtained 

and characterized by an initial structural stiffness and an effective yield 

strength for ease of comparison. The resulting information 1s presented and 

discussed in Section 4 of this report. 

An anal\tical investrgatlon of the effects that striking car frontal 

force-crush characteristics, or stiffness, have on occupant injury exposure was 

carried out with a one-dimensional lumped-mass, dynamics computer simulation. 

An overview of this simulation, referred to as SMDYN, is provided in Appendix A. 

Throughout the simulation study, weight of the striking car was held constant 

at 3450 lbs. and the speed and orlentatron simulated represented a 35 MPH, 

60 degree oblique side impact. The primary parameters investigated were weight 

of the struck car, which ranged from 2000 lbs. to 4000 lbs. in 500 lb. increments, 

and frontal structural characteristics of the striking car. A baseline level 

of front structural stiffness was obtained from the compilation of force-crush 

characteristics. The level uyed as the baseline condition approximated the 

average frontal stiffness of the three cars for which force-crush data was 

available along a direction 30 degrees to the longitudinal axis. Variations 

of this baseline stiffness studied included SO%, 150% and 200% levels. 

Side structural characteristics of the struck cars simulated were 

developed from measurements made on a modified VW Rabbit side structure which 



was considered to be representative of the structural improvements available in 

the 1985 time frame. These characteristics were assumed to be the same for 

all struck vehicles studied. 

A number of direct and indirect indicators of injury severity were 

studied in an attempt to establish occupant injury sensitivity to striking 

car stiffness in the simulated collisions. These included- occupant change 

in velocity, Chest Severity Index (CSI), relative velocity between the occupant 

and door at contact, maximum door velocity relative to the struck vehicle, door 

intrusion and maximum lnterlor door padding crush. 

Results from the analytlcal study indicate that a moving barrier 

frontal stiffness can be chosen that 1s representative of the vehicle population 

and which will provide severe occupant exposure in side impacts. A frontal 

stiffness of approximately 3000 lbs/inch, as measured along a direction 

30 degrees from the longitudinal axis of the test device, is recommended for a 

60” oblique side collision. However, it is also recommended that additional 

studies be conducted to clarify and confirm results obtalned. 

Conclusions from this study are discussed in the following section of 

this report. Section 3 provides a description of the modeling methodology 

employed in the analytical study and a discussion of the data and parameters 

investigated. Vehicle front structure force-crush data and simulation parameter 

study results are presented and discussed in Section 4. 



CONCLUSIONS 

Conclusions resulting from our actlvltles in support of development 

of a side impact test device are grven in thlr section. It should be noted 

that the analvtical stud) conducted represents an initial attempt at simulation 

of oblique side collisions with a one-dimensional lumped mass model. As such, 

it has resulted in pointing out many areas which require further study if a 

more complete understanding of the interreldtlonshlps of the many variables 

associated bith the side impact event is to be attained. The conclusions described 

below reflect some unexpected results and, without a better understandlng of 

the side collision event, should be viewed as tentative subject to confirmation 

1 Of the twentv-one c‘lrs involved in ful 1 fronta 1 barrier collisions 

for khlch d<lta was ‘>varlable, the dveragc front structural stiffness was approxl- 

matelk 5 J hlp\/rnch \ aluc\ obt,Irned from force-deflection chardcteristlc‘, 

r,lnqcd from 2 3 to 7.9 hlps/lnch In general, this simplified stiffness 

representation of force-crush properties has reasonable up to dbout 5 Inches of 

deformatron. Of the four cars for which force -crush data was available along 

a direction 30” to the longitudinal axes, the average front structural stiffness 

\\’ 15 2 8 hips/inch Vlnlmum .snd maximum values were 2 3 and 3 2 kips/lnch, 

1 c5pect I\ el\ . Ior this loadlnl: orlent~tlon, the simple stiffness representdtlon 

provided a good fit to the force-crush characteristic up to at least 10 Inches 

of dcformdt ion. 

by additional analjtlcal or experimental studies. 

2. The modeling approach used in this study to simulate a 60 degree 

oblique side collision resulted In good agreement of struck vehicle responses, 

including door and occupant response, with test measurements made on a 

\tructurallv modified 1 chicle. However, certain assumptions were made regarding 

the input data for this comparison as sufficiently detailed data was not 

aval lable. Consequent11 , the model may be assumed to result in qualitatively 

correct predictions of other crash configurations, but caution should be exercised 

in interpreting results quantitatlvclv. 



3. Near side occupant response to lateral impacts is related to tie 

response of the struck door, however, this relationship is not completely 

understood. There are a number of variables that have a primarv effect on door 

response--striking car stiffness, struck car structural characteristics and tie 

effective door weight. Results indicate that if structural characteristics ard 

effective door weight remain constant, there is little variation of occupant 

se-Lerlty exposure as struck car weight varies. However, large variations in 

severity were obtained as effective door weight was assumed to be proportional 

to struck car weight. Further investigation of the role played by these 

variables in analytical studies of side impacts is required. 

4. Occupant severity exposure tends to increase as the initial sp,lcing 

between the occupant and inner door surface decreases. Parameter study resull s 

showed that the occupant change in velocity increased with a reduced spacing 

even through the relative velocity between the door and occupant at initial 

contact decreased. 

5. Direct measures of inJury severity, occupant change in velocltr 

and CSI, do not appear to be strongly related to the maximum door panel veloctty 

relative to the struck car. As expected, the peak door velocity increases 

monotonicall) with increasing striking car stiffness but severity measures do 

not necessarily follow this increase. It is not currently known whether this 

behavior results from a modeling or data limitation. Additional studies should 

be undertahen to clarify this behavior. 

6. Based on the results of this brief study, there appears to be 

d saturation of occupant injury severity measures at the nominal striking car 

stiffness. That is, with the assumption that the effective door weight remails 

constant across the spectrum of struck cars, the change in velocltv sustained 

by the occupant did not increase as the striking car stiffness was increased 

by 50% above this nominal level. The occupant CSI actually decreased under the 

same condltlons. This nominal striking car stiffness corresponds to a value 

of about 3000 lb/in (measured at a 30 degree angle relatrve to the longitudinal 

D-L 



axls of the striking car), approximately the mean of the three cars for which 

data was available. SubJect to further confirmation of the results of this 

study, a stiffness of the side impact test device of approximately 3000 lbs/ln 

is recommended. 

6 
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3. TECHNICAL APPROACH 

As noted in the Introduction, the ObJectives of this study were 

twofold. 

1) to determine approximations of frontal force-crush 

characteristics by vehicle weight categorv and, 

2) to analytically estimate, If possible, the sensitivity 

of occupant injury levels to strlhzng car crush 

characteristics and determine the optimum force-crush 

characteristics for a side impact barrier. 

The first of these two objectives is straightforward to accomplish 

given the necessarv data and the results, in fact, serve to provide input data 

for accomplishing the second ObJective. The problem of estimating the sensitivity 

of occupant injury in side collisions to the range of frontal stiffness is 

consrderably more challenging due to the inherent complexltv of the event 

Nonetheless, an attempt has been made to evaluate inJurv sensitivity using 

various measures of severity with a lumped-mas\ d\namic\ model (SMDYN) a% 

described immediately following. A second subsection describes the parameter study 

performed with the model. 

3.1 Modelinq Approach 

As subcontractor to The Budd Company on the NHTSA sponsored “Lzghtwl:zght 

Subcompact Vehicle Side Structure Program,” (DOT-HS-7-01588)) MGA ha< been 

evaluating modeling procedures for the simulation of 60 degree oblique side 

collisions. Our efforts under that program have resulted in a technique which 

has successfully duplicated, to a reasonahle degree, the response of the strut k 

car and dummy (Ref. 2). In this technique, the directIon of interest (1.e , Ihe 

effective direction of motion of the one-dimensional model) lies along the 

lateral axis of the struck car. This modeling concept 1s illustrated in Figure 1 

D-714 
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Ml: 

M2: 

MI: 

M4: 

M5: 

K, : 

K2: 

KS: 

K4: 

KS: 

Kg: 

M4 

Striking car mass 

Upper load path interface mass (upper door) 

Lower load path interface mass (lower door/sill) 

Struck car mass 

Struck car LF occupant 

Striking car upper load path resistance 

Striking car lower load path resistance 

Struck car upper load path resistance 

Struck car lower load path resistance 

Upper/lower door relative motion resistances 

Combined door padding & dummy compliance 

Figure 2 SIDE IMPACT MODEL SCHEMATIC 
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Figure 1 OBLIQUE SIDE IMPACT MODELING APPROACH 
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A schematic dragram of the lumped mass model used in the subsequent 

slmulatlon runs 1s rllustrated In Figure 2. Wrthrn this model, the strlklng 

car 1s represented as a srngle mass with an upper and lower load path InteractIng 

with the struck car. The struck car 1s represented by three masses, an upper door 

mass, a lower door/s111 mass, and the remainder of the vehicle mass. A sing e 

mass 1s used to represent the struck side occupant. Two primary load paths 

are assumed to exist in the struck car structure; one acting between the upper 

door and the body (representing the force transmlsslon through the A and B 

posts), the other acting between the lower door/s111 mass and the body 

(representlng force transmlsslon through the sill and floor). A force-deflec tlon 

characterlstlc representing the resistance to relative motion between the two 

door masses 1s included. The resistance acting between the occupant and uppfr 

door represents a series comblnatron of dummy compliance and inner door panel 

crush characterrstics. 

Limited verlflcatlon of this modelrng approach has been made b\ 

comparison of model responses with test measurements. Since thus work 15 being 

conducted under Contract No. DOT-HS-7-01588, a detalled descrlptlon 1s not 

provided hereln. However, It 1s pointed out that while much of the required 

input data was available from testing carried out under that contract, 

assumptions regardrng certain struck car force-crush characterlstlcs and 

effectrve masses were made based on engineering judgment. Comparisons of 

selected model predlctrons and test measurements are shown in Figure 3 through 

5 to illustrate the degree of agreement achieved. 

3.2 Parameter Study Plan 

The parameters of prrmary interest In the analytical lnvestlgatlon 

included weight of the struck car and frontal stiffness of the striking car 

Weight, speed and orlentatlon of the strlklng car were held constant. The 

struck car was assumed to have a modlfred side structure and reasonable interior 

door padding. 
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Five struck car weights were simulated based on the projected 1985 

new car sales weight distribution developed in a companion study (Ref. 3). 

A distribution of the percentage of new car sales by weight for the 1985 time 

period is included as Figure 6. Based on this data, struck car weights ranging 

from 2000 lbs. to 4000 lbs. in increments of 500 lbs. were considered in this 

simulation parameter study. 

Strengthened side structure force-crush data was available only for 

modified VW Rabbits developed under Contract DOT-M-7-01588. The mlddleweight 

(30 lb.) structural modification was selected as representing structural 

characteristics that might be available during the 1985 time frame. It was 

further assumed that the total force-crush characteristic was split between a 

lower and upper load path according to an 80/20 ratio. These force-crush 

characterlstlcs are shown in Figure 7 and were assumed to be the same for all 

struch vehicle weights considered in the study. 

A force-deflection characteristic representing a series combination of 

lateral dummy compliance and yielding door panel padding, shown in Figure 8, was 

used throughout the parameter study. A basic spacing between the occupant and 

door padding of 5.0 inches has used; however, a number of runs were made with a 

2.5 inch spacing. An effective occupant weight of 50 lbs. was used based on 

test results from Ref. 4. Initially, the upper and lower door masses were 

assumed to vary between 80 and 160 lbs. proportional to the struck car weight. 

However, additional runs were made with these door weights assumed to be 100 lbs. 

for all struch vehicles. 

Striking vehicle information required for the parameter study included 

vehicle weight and frontal stiffness characteristics. A companion study (Ref. 3) 

resulted in a suggested moving barrier weight for side impact testing of 

approxlmatcl\ 3450 lbs. This value was used throughout this study as the 

striking vehicle weight. 

As was noted previously, one of the objectives of this study was to 

determine approximations of vehicle frontal crush characteristics by weight 
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categories. Crash tests conducted under Contract Nos. DOT-HS-8-01938, DOT-HS- 

8-01933 and DOT-HS-5-01099 provided the data from which crush characteristics 

were developed. Frontal barrier crash tests conducted at Calspan Corporation 

under Contract Nos. DOT-HS-8-01938 and DOT-HS-5-01099 were conducted at 35 or 

40 MPH and measurements of barrier load were made. Double integration of the 

average compartment longitudinal acceleration provided a measure of deflection 

against khlch the measured barrier force was plotted. 

Tests conducted at Dynamic Science, Inc. under Contract No. DOT-HS- 

8-01933 were made with the NHTSA moving load cell barrier test device impacting 

stationary vehicles angled at 30 degrees to the direction of travel of the 

test device. These tests provided a measure of force-crush chardcteristics along 

a direction perpendicular to the initial plane of the side of a struck car in 

a 60" side impact test. 

The frontal stiffness data obtained from these test results is 

discussed in the following section. For the purpose of defining the simulation 

parameter study, however, a nominal frontal stiffness was chosen as a baseline 

condition based on the approximate mean stiffness as determined from the 

Dynamic Science test results which simulate the effective striking car strffness 

in a 60' side colllslon. Note that since these tests were conducted with a 

segmented load cell barrier face, upper and lower load path levels were 

available for the front structure. The nominal front structural force-crush 

chdracterrstlcs used in the parameter study and represent the characteristics 

appropriate for the 60" side collision orientation assumed in the study. Note 

that the nominal frontal stiffness chosen for the simulation study was 

approximately 3000 lb/in (total of both upper and lower load paths). Variations 

in stiffness about this nominal value were then explored to estimate its 

influence on occupant injury. These variations included a 50% decrease, a 

50: increase, and in some cases, a 100% increase in this stiffness. 

Striking car speed was assumed to be 35 MPH throughout the study. 

Note that due to the coordinate system employed, the velocity component along 

the lateral axis of the struck car, 30.3 MPH, was used in the simulation runs. 

A matrix of parameter changes investigated is shown in Table 1. 
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Figure 9 SIMULATED UPPER AND LOWER STRIKING CAR 
FORCE-CRUSH CHARACTERISTICS 



Struck 
Car 
Weight 
Lbs. 

T Struck 
Car Door 
Weight 
Lbs. 

Percent of Nominal 
Striking Car Stiffness 

50 100 150 

2000 

2500 

3000 

3500 

4000 

* 

80 

100 

2.5, 5.0 2.5, 5.0 

5.0 5.0 

100 

120 

100 

140 

100 

160 

100 

2.5, 5.0* 

5.0 

2.5, 5.0 

2.5, 5.0 

5.0 

2.5, 5.0 

5.0 

2.5, 5.0 

5.0 

2.5, 5.0 2.5, 5.0 

2.5, 5.0 2.5, 5.0 

5.0 5.0 

2.5, 5.0 2.5, 5.0 

5.0 5.0 

2.5, 5.0 2.5, 5.0 

5.0 5.0 

Numbers associated with each combination of stiffness and 
weight represent the initial occupant spacing away from 
the inner door padding in inches. 

Table 1 

PARAMETER STUDY VARIATIONS 

200 

5.0 

5.0 

5.0 

5.0 

5.0 



DISCUSSION OF RESULTS 

The results obtained In this studv are discussed In thus major 

sectlon of the report. In the subsection lmmedratel\ following, a drscussron 

of the frontal structure force-crush lnformatlon revrewed 15 provrded together 

wrth d slmpllfled means of categorlzlng important elements of that data. 

Following this 15 a descrlptlon of the results obtalned in the srmulatron study 

of selected parameters Important In oblrque side colllslons 

4.1 Frontal Force-Crush Characteristics 

As noted rn the previous section, vehrcle crash test datd from both 

Dynamic Science, Inc. and Cdlspan Corporation were avalldble from which to 

determine approxlmatlons of the frontal force-crush chardcteristics of a wide 

range of vehicles. Most of the data avallable was from frontal barrier tests 

conducted at speeds of 35 or 40 MPH at the Calspan Corporation crash test 

facility. In these tests, direct measurements of force were made with a 

load cell barrier fixture. Crush was determined from a double integration 

of the average compartment deceleration. 

Three tests were conducted at Dynamic Science, Inc with the NHTSA 

moving load cell barrier test device for which data was available These 

tests Involved a moving test device Impacting a statlonarv test vehrcle 

which was oriented at 30' relative to the direction of travel of the test device 

Force-crush data from these tests were determlned from direct measurement of 

impact force by the load cells on the face of the test device and from dn lndlrect 

determination of crush of the test car. This measure of crush as a function of 

time was obtalned from a difference in displacements of the test device and test 

car which were integrated from accelerometer traces. For these 30' tests, a 

procedure wds developed by Dynamic Science to account for the rotation of the 

struck car in determlnlng its crush as a function of time Typical time 

hlstorles of force vs. crush are shown in Figure 10. 
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In order to categorize frontal stiffness characterlstlcs of a 

substantial number of vehicles, a simple, the parameter fit hd~ made to all 

force-Lrush data. This representation conslsted of an lnltlal stiffness and 

J. )leld force level chosen to equillbrdtc the total area under the actual curve 

to the area under the simple fit, up to the point of mdxlmum defleLtlon. 

Examples of this slmpllfled fit art superimposed on the test ddtd shown in 

1 lgure 10. Thus, frontal crush characterlstlcs for all cars here cdtegorlzcd 

b) a stiffness and a yield force level. 

Results of this fit procedure for the tc.st5 lnbol\lng full front41 

structure are shown in Table 2. The vehicles tested are grouped according to 

the lndlcated weight ranges and average values klthln each height range 

together with the total sample average are provided. 

Categorlzlng the 30” frontal colllslon results In the sclme manneI 

results In the qtlffness and yield force lnformatlon shown in Table 3 A 

Lomplete set of force-crush characterlstlcs blth the simple fit superlmpostd 1s 

provided In Appendix B for both 0 and JO degree tests. 

Based on a comparison of the overall average values of the two 

different test conflguratlons, it appears that the effective stlffnes5 of c 

vehicle’s frontal structure 15 reduced by about 35: 35 the dIrectIon of 

impact ch,lnges from 0 to 30 degrees. The effective vleld force lc~el, howcber, 

1s reduced by about 55%. Ratios of the 30 degree to 0 degree parameters fcr the 

three xehlcles common to both test condltlon5 are listed belok 

Vehicle 

c1tat 1on 

r airmont 

Cutlass 

30”/O” Stiffness 30”/0° YlCld 
Rat10 I orce Rat 10 

0.39 0 53 

0.68 0.27 

0 63 0.51 



. 

Test Weight 
Range (lbs.) 

I------ 1750-2249 

2250-2749 

2750-3249 

3250-3749 

3750-4249 

Soeed Stiffness 
Vehicle (MPH) ( KIPs/IN) 

'81 Honda Civic 35 7.0 
Toyota Starlet 35 5.3 

Average 35 6.2 

Volkswagen Rabbit 35 4.3 
Datsun 310 35 4.1 
Fiat Strada 35 3.8 
Subaru GLF 35 
Chevrolet Chevette 35 65:: 
Plymouth Horizon 35 
'80 Toyota Tercel 35 E:i 

Average 35 4.7 

Volvo 35 4.2 
Chevrolet Citation 35 7.9 
Mazda 626 35 6.1 

Average 
35 6.1 

Toyota Cressida 35 6.1 
AMC Concord 35 5.7 
'79 Ford Fairmont 35 3.4 
Mercedes 240D 35 6.2 

Average 35 5.4 

Plymouth Volare 35 5.7 
Chrysler LeBaron 
Oldsmobile Cutlass* zz 

6.4 
3.9 

Table 2 

DYNAMIC FORCE-CRUSH SUMMARY FOR 
FULL FRONTAL BARRIER COLLISIONS 

Average 35 5.3 

4250 Chrysler Imperial 35 4.6 
Cadillac Seville 35 6.0 

Average 35 5.3 

OVERALL AVERAGE 35 5.3 

* 
Valid for uo to 24" crush 

Yield 
(KIPS) 

72 
66 

69 

76 
64 
64 
68 
68 
60 
58 

65 

93 
51 
75 

73 

104 
94 

1;; 

99 

64 
112 

43 

73 

102 
114 

108 

78.4 



Table ? 

DYNAMIC FORCE-CRUSH SUMMARY FOR 
30" FRONTAL COLLISIONS WITH LCMB* 

Test Weight Stiffness Yield 
Range (lbs.) Vehicle ( KIPS/IN) (KIPS) 

2750-3249 Chevrolet Citation 3.1 27 

Average 3.1 27 

3250-3749 Ford Fairmont 2.3 23 

Averaqe 2.3 23 

3750-4249 Oldsmobile Cutlass 2.5 23 
Chevrolet Impala 3.2 35 

Average 2.9 29 

OVERALL AVERAGE 2.8 27 

*Force is in direction of LCMB 



Results from a 30 degree angled Impala crush test (Ref. 5) allowed an 

addltlonal comparison to be made. Frgure 11 compares the dynamic force-crush 

results from the Dynamic Science angled crash test, the static force-crush 

characterrstlc, and an estimated dynamrc force-crush curve. The estimated curve 

was developed from the statrc data by applying a constant rate factor of 1.35. 

As 1s seen on the figure, this dynamic factor results in good agreement with 

the dynamrc test results. 

4.2 Simulation Parameter Study 

An analytical evaluation of the sensltrvlty of the struck car and 

occupant responses to stroking car stiffness was carried out with the SMDYN 

program which 1s described in Appendix A. Over fifty simulation runs were 

made Investigating strlklng car frontal stiffness effects as well as certain other 

struck, car parameters that were found to be of interest. Consistent wrth the 

Statement of Worh, weight, speed and orlentatlons of the strrklng car were held 

constant and reasonable assumptions were made regarding struch car structural 

characterlstrcs and padding. 

The slmulatlon runs dlscussed in this section were made under two 

different assumptions regardrng the effective impacted door weights. In the 

first category, door werghts (upper and lower) were assumed to be 100 lbs. for 

all struck vehicle werghts consldered. Within thus category, an inltral 

occupant to door spacing of 5 inches was srmulated. The second category of runs 

was made with the assumption that the upper and lower door weights were 

proportronal to the total struck car weight, rangrng from 80 lbs. to 160 lbs. 

for the 2000 lb. and 4000 lb. vehicles, respectively. Wrthin this category, 

initial occupant to inner door surface spacings of both 2.5 inches and 5.0 

Inches were considered. A sample of the SMDYN input data for a typical run is 

shown in Appendix C. 

Although Figures 3 through 5 indicated that the predlcted responses 

agreed quite well wrth the measurements for a single test condltlon, uncertainty 
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of the validity of the predictions of occupant response under other conditions 

led to the consideration of a number of different “severity” measures. 

These measures included not on11 occupant CSI and change in velocity but also 

door int ruslon , relative velocity between the door and occupant at first 

contact, mutual door padding/occupant crush and maximum upper door velocity 

relative to the struck vehicle. 

Predicted door intrusion* as a function of relative striking car 

stiffness for all struck car weights consldcted are shown in Figure 12. This 

figure includes results from both the constant door weight and proportional door 

height categories, both with a five inch initial spacing between the occupant 

and the door. In both cases, a tendency for the intrusion levels to saturate 

at the nominal striking car stiffnesses is seen. A similar tendency is seen 

in Figure 13 where the rate of change of relative velocity between the door and 

occupant at contact decreases with increasing stiffness. Note that for many 

of the individual runs indicated on the figure, this velocity exceeds the 

initial velocity of the striking car (30.3 MPH). The relative door to occupant 

velocity at contact with the occupant also appears to be a function of the 

effective door weight. That is, the range of relative velocities at a given 

stiffness is considerably larger for the case where this weight varied with 

struck car weight than where it was held constant. This is further illustrated 

in Figure 14 where the relative velocity decreases with increasing struck car 

(and door) weight in the one case but remails relatively constant when the 

door weight was assumed constant. 

Figure 15 illustrates the effects of striking car stiffness on 

occupant change In velocrty for the constant weight door and proportional weight 

door cases, both with 5 inches of initial occupant spacing. For the constant 

* 
Note that the intrusion values were taken at the end of the simulated event, 
0.075 seconds. Had longer event times been simulated, maximum intrusion 
values would likely have been larger; however, struck car rotation begins to 
occur after this time which would invalidate results. 
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werght door case, rt 1s agarn seen that a response saturatron occurs at the 

nomlnal strrhlng car strffness. That IS, increasing the striking car stlffress 

beyond the nominal value of 3000 lbs/rn does not result in an Increase rn 

occupant velocity change. However, when door weight proportional to the struck 

car tot&l weight 1s assumed, the. results do not follow $1 consrstent pattern. 

It 1s seen that, with this modeling approach, the occup,%nt response IS clearly 

a function of the assumed effective door weight. This 1s one area that deserves 

considerably more attention if results from srde impact analytrcal studres Ere 

to he properly Interpreted. A complete evplanatron for thus behavior 1s not 

available at thus time; however, rt 1s believed that the combrnatlon of 

stlffnesses acting on the upper door and the door mass result in different 

klnematlcs of the system as rndlvldual parameters are varied which, in turn, 

have a strong effect on occupant response. 

Figure 16 illustrates another example of response varlatlons resultrng 

from changes In effectrve door weight. Wrth constant weight doors assumed, 

the calculated CSI is seen to peak dt the nominal value of strrkrng car stilfncss. 

In the proportional weight door case, there 1s also a tendencv for the CSI 

to peak at the nomlna! stiffness value except in the case of the 4000 lb. struch 

car. There 1s also considerably more scatter in the predicted CSI values than 

with the constant weight door assumption. 

The effect of striking car stiffness on combined interior door 

padding/occupant crush, 1s shown rn Figure 17. For the constant weight door 

case, door padding crush 1s seen to be independent of stiffness. When pro- 

portlonal weight doors are assumed, the change rn crush with stiffness is 

quote small. These results indicate that door padding deformatron 15 not 1 kely 

to be an effective measure of occupant InJury if the assumed properties are 

representative. 

Figure 18 shows the peak upper door velocrty relative to the struck 

car as a function of striking car stiffness for both constant weight and 

prop.ortlonal height doors. Note that with both door weight assumptions, 

this peak velocity increases monotonrcally with striking car stiffness, 
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Figure 16 OCCUPANT CSI VS. STRIKING CAR STIFFrJESS 
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Figure 17 DOOR PADDING-OCCUPANT CRUSH VS. STRIKING CAR STIFFNESS 



although the rate of increase decreases with stiffness. Previously presented 

results indicated that two measures of occupant injury severity, change in 

velocity and CSI, did not necessarilv increase monotonically with striking 

car stiffness This leads to the possiblllty that peak door velocity relative 

to the struch car, by itself, may not be a valid indicator of exposure severity. 

It is not, at this time, known whether this result is an artifact of the model 

or data used in the study or if, in fact, it is a result that might be 

confirmed through additional investigation. 

Replotting peal\ door velocity data as a function of struck cdr 

weight, Figure 19, further illustrates the effects of door weight on it\ 

response. In the case of constant weight, 100 lb. doors, the peak door velocity 

relative to the struck car increases slightly a5 struck car weight increases. 

On the other hand, as door weight increases (proportional to total struck car 

weight), the peal\ relative velocity decreases. 

While not directly required by the Statement of Work, additional 

runs were made with the relative spacing between the occupant and interior door 

surface reduced to 2.5 inches in an attempt to learn more about the interaction 

between various parameters in the dynamic event. These runs were made with the 

assumption that struck car door weights were proportional to the total struck 

car weight and thus are directly comparable to the corresponding runs made with 

a 5.0 inch spacing. Figure 20 illustrates the change in relative velocity 

between the door and occupant at initial contact as a result of the spacing change. 

With the reduced spacing, this relative velocity is reduced by a significant 

amount, apparently due to the fact that contact occur\ before the door velocity 

has had sufficient time to reach the higher levels. The total occupant change 

in velocit\ is, however, larger with the reduced spacing as 1s seen in Figure 21. 

This is believed to result from a longer duration of contact between the door 

and occupant at the reduced spacing. The effect of occupant/door spacing 

on the maximum door/vehicle relative velocity is illustrated in Figure 22. 

Note that with reduced spacing, the maximum relative velocity decreases somewhat, 

apparently due to the effects of occupant/door contact occurring earlier in the 

event. 
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The simulation parameter study reported above was made with the 

primary objective of determining the frontal stiffness characteristics of the 

NHTSA side impact test device that would maximize the benefits associated with 

an upgraded FMVSS 214 test procedure. Since side impact simulation techniques 

have not been developed to a high level at this point, the absolute validity of 

the results obtained must be viewed in the context in which they were obtained--that 

of exploratory procedural development of a mechanism for studying a very complex 

dynamic event. In view of this context, we have not attempted to assign a 

benefit (in terms of probability of a reduction in injury associated with 

complying with an upgraded standard) for each frontal stiffness impacting a 

spectrum of struck vehicle weights. We feel that the number of unsubstantiated 

assumptions (reasonable in our view but nonetheless unsubstantiated by test data) 

regarding the side structure model used and the data applied to it do not Justify 

such an extrapolation. 

Furthermore, some of the results obtained in this study require 

further investigation for proper interpretation. Obviously, the assumed 

effective mass of the impacted door plays a major role in both its response 

and the response of the simulated occupant. Direct measures of occupant 

inJury (change in velocity and CSI) are apparently not strongly related to 

indirect measures (e.g., peak door velocity relative to the struck car, door 

padding crush). These results should be studied further to determine whether 

they result from deficiencies in the modeling procedure or data used in this 

study. 

Results do show, however, that occupant injury severity does not 

continually increase as striking car stiffness increases. This trend was 

most clearly demonstrated under the assumption that effective door weights were 

constant across the struck vehicle spectrum where it was seen that the change 

In velocity sustained by the simulated occupant increased as the striking car 

stiffness increased from 50% to 100% of the nominal level but did not increase 

as the stiffness was increased beyond the nominal level of 3000 lbs/in. 

Since this value of frontal, 30 degree stiffness was the approximate average stiffness 



of the three cars for which data was avallable, and 1s thus reasonable In terms 

of the automobile population, It is suggested that this value of stiffness I> 

appropriate for use on the moving side impact barrier. AddItIonal analytical 

stud*es should be undertaken in order to evaluate If the effects of assumptlllns 

made in this study have a strong influence on the stiffness level at which 

inJury response saturation occurs. Conslderatlon should also be given to 

empirical verlflcatlon of this result. 
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APPENDIX A 

SPRING-MASS DYNAMICS SIMULATION (SMDYN) 

SMDYN 1s a rather simple (In concept) computer program that treats 

a phqslcal automobile structure as a one-dlmenslonal representation, Idealized 

III the form of discrete (lumped) masses Interconnected b\ mas$les$, 

deformable elements characterized b\ force-deflection propertles The model 

IS general In nature allowing a large number of discrete masses hlth totall} 

flexible connectlklt>. Each speclflc appllcatlon require? the deflnltlon of 

lumped masses and resistive element? to approximate the ph\sIcal chardcter- 

lstlcs of the structural svstem under consideration. Figure 1, for example, 

Illustrates a typical modeling dpprOdCh for \lmuldtlon of dn dutomoblle 

impacting a rigid barrier. 

The program IS Implemented in the BASIC computer language and Inputs 

required Include the magnitude, lnltlal displacement and velocltv of each 

discrete mass, and a definition of the connectlvIt\ and force-deflection 

properties (for both loading and unloading) of each reslstlve element. 

Schematic diagrams of various colllslon models typicall) studied are shown I? 

Figure 2. 
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Force-deflectron propertres of spcclfrc reslstlve elements can be 

obtained b, static crush testrng of the corresponding physlcal structures. 

Crush testing techniques have been developed that facilitate rsolatlon, 

proper collapse mode control and measurement of the force-deflection properties 

of various automotive structural elements 

The program Itself accepts such emplrlcally developed force- 

deformation characterlstlcs rn a tabular format, thus allowing a general 

loading curve conslstlng of a number of force-deflection coordinates. An 

unloading curve 1s also speclfled for each resistive element In the form 

of three unloading slopes (Frgurc 3) The unloading path 1s automatically 

constructed based on the point at \chrch unloading 1s initiated. If reloading 

takes place, the unloading curve 1s retraced back to the primary loadrng 

curve which 1s then used thereafter. Cyclical loadingjunloadlng 1s also 

considered. If this does occur, the unloadrng path shifts parallel to the 

deflection axis consistent with the most recent point of zero deflection rate. 

The general nature of the unloading path allows conslderatlon of elements that 

al lok only compression (e.g., the bumper structure) or elements that are 

phislcallv capable of deleloplng tension forces (e.g., the frame rails). 

Since automobile colllsrons are obviously dynamic events and 

automotive structural materials are known to be strain rate sensltlve, methods 

of accountrng for dvnamlc overstress are incorporated into the model. Based 

on the work of hamal and others, overstress (rate) factors In the neighborhood 

of 1.3 or 1.4 have been found to produce reasonable correlation between static 

and dynamic test data for collision velocltles around 30 MPH. 

The SMDYN program provides the user with a choice of 5 dynamic load 

factors which are consistent blth the nomlnal overstress magnitudes indicated above. 

A descrlptlon of each load factor 1s given below. 
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T\IPI 1 - Logarithmrc 

The d>namlc load factor is calcu 

rclJtionship 

lated us ing the following 

DLI = 1.27228 + .0197119 x LOG (INSTANTANEOUS CRUSH RATE) 

T\I'L 2 - Logarithmic 

This logarithmic load factor is calculated using the following 

relationship 

DLF = 1.0957 + .075 x LOG (bL4X. CRUSH RATE ENCOUNTERED) 

Due to the fact that the maximum crush rate encountered is used to 

c‘ilculntc the DLI , this load factor can only increase or remain constant. 

-lIPI ? - QuJrtic 

The general quartic equation shown below can be used to calculate this 

d\71arnlc load factor 

DLF = A + B (CRUSH RATE) + C (CRUSH RATE)2 

+ D (CRUSH RJ!TE)~ + E (CRUSH RATE)4 

The 5 coefficients are specified by the user and the crush rate 

used 1s the dbsolutc value of the instantaneous crush rate of the energy absorber. 

Modification of the force deflection curve by a fixed amount can be accomplished 

by setting "A" to the desired magnification, and setting the remaining constants 

to zero. 
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TYPI 4 - Dynamic Load Factor Balsed on Mater 1 

dnd Test Strain Rate 

Research for this load factor has performed 

In calculating th Material properties and strain rateaeffects arc used 

as shown below 

DLF = A + KR *Ln (CR/SCR) 

rthere* A 1s constant, usuallv 1.0 

hR 1s a material factor 

al Properties 

at Ford Motor Cornpan). 

.lS fa ctor 

CR 15 the absolute value of the lnstantdneous crush rate 

SCR 1s the crush rate of the test specimen, u\udlly 
.03333"/sec. 

TYPE 5 - Quartlc DLF with Different Crush Rate 

7111s DLF 1s identical to Type 3, but the crush rate 1s determlned 

from the veloclt\ difference between t&o selected masse>. 

An example of the Type 1 dynamic load factor IS shown in Figure 4 

Output from the slmulatlon consists of a) a concise listing of 

all Input parameters, b) acceleration, veloclt) and displacement time hlsto-les 

for each discrete mass, c) force and deflection time hlstorles for each 

reslstlve element, d) maxlmum value of acceleration for each mass, and e) 

maximum value of deflectlon for each reslstlve element. 
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APPENDIX B 

AUTOMOBILE FRONTAL STRUCTURE FORCE-CRUSH CHARACTERISTICS 

Structural information compiled under this program is pre- 

sented in this Appendix. Unless otherwise noted, impact 

tests were made at 35 MPH into a rigid, perpendicular 

barrier. In the 30 degree tests, the test vehicle was 

oriented at the indicated angle to the direction of motion 

of force measuring moving barrier. Included on the 

following plots are simple two parameter fits to the 

force-crush information. Coefficients for these fits were 

given previously in Tables 2 and 3 of this report. 
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